Perception of the surface contour of the body is generally thought to depend on topographically organized neural maps of somatosensation in the thalamus and cortex. Recent neurophysiological studies indicate that these maps are potentially modifiable through alterations in their sensory input. We present evidence that the apparent shape and orientation of the body can be changed within seconds by using muscle vibration to generate proprioceptive misinformation about limb position. Depending on the position of the hands or feet in relation to the rest of the body and to the test chamber, it is possible to generate systematic perceptual distortions of the body and changes in the apparent orientation of the body. Some implications of these observations for the maintenance of an accurate body schema, for spatial orientation, and for the encoding of ocular position are described.
INTRODUCTION
The neural representations related to the conscious perception of the body surface are often thought to be expressed in the multiple topographic maps of somatosensation in the thalamus and cortex. Such maps have been identified in the course of stimulation studies in the alert human undergoing surgery for the treatment of intractable epilepsy (Penfield and Jasper, 1954; Penfield, 1958; Penfield and Roberts, 1959) and in systematic experimentation on animals (Woolsey, 1952 (Woolsey, , 1958 . The perception of the parts of the body in relation to one another-position sensehas long been held to depend on the activity of joint receptors, the unmyelinated Ruffini-type endings in the synovium of the joints, and their central representations in neurons of the thalamus and the somatosensory cortex (for critical discussions of this view, see Mountcastle, 1957; Mountcastle and Powell, 1959; Mountcastle and Darian-Smith, 1968; Burgess el ai, 1982; Matthews, 1982) .
Relatively recently, however, the perception of limb position was shown to also be influenced by muscle afferent signals. When the body or tendon of a muscle is mechanically vibrated, for example at 100 Hz, the muscle reflexly contracts; this contraction, known as a tonic vibration reflex (TVR), is dependent on the heightened muscle spindle activity elicited by the vibration (Hagbarth and Eklund, 1966) . If the motion of a limb moving under the action of a TVR is resisted, illusory motion of the stationary limb is experienced (Goodwin et al., 19726, c) . For example, if the biceps brachii muscle is vibrated, the forearm will reflexly move into flexion because of the TVR in the biceps; but if the forearm is physically restrained, the forearm will be experienced as moving in extension. In these circumstances, the aberrantly high level of spindle activity in the vibrated muscle in relation to the patterns of alpha and gamma motoneuron innervation of that muscle is interpreted as stretch and the 'stretch' is referred to the joint or joints about which the vibrated muscle acts (Goodwin et al., 1972a, b; McCloskey, 1978; Matthews, 1982) . This means that muscle afferent signals influence position sense. In fact, by vibrating the appropriate muscles, it is possible to elicit illusory motion of the entire body in virtually any desired direction . Moreover, physically impossible limb positions and configurations can occasionally be perceived during muscle vibration; during biceps brachii vibration, for example, an individual may feel his forearm extend to as much as 270°, a physically impossible motion (Craske, 1977; Lackner and Taublieb, 1984) .
As more information about the role of muscle spindle afferents in position sense has been obtained, it has become clear that skeletomuscular control is actively tuned to the 1G terrestrial force background of Earth and that muscle spindles are crucial to this adaptive tuning Graybiel, 1981, 1984; Lackner, 1985) . As a consequence, if locomotor movements of the body are made in gravitoinertial force fields greater or lesser in magnitude than 1G, then aberrant motion of both the body and the surface of support will be experienced. These illusory motions result because the normal relationships among patterns of alpha and gamma motoneuron activity, muscle spindle discharge level, and the resulting movements of the body have been altered. For example, during exposure to a 2G acceleration level, if an individual lowers his body in a deep knee bend, he will feel both that he has moved downwards too quickly and that the support surface has physically moved upwards under his feet. In this situation, the body is lowered by controlled lengthening of antigravity muscles. Because the effective weight of the body has doubled, greater than normal activation of the antigravity muscles will be required during the course of the movement relative to producing the same body movement in the normal 1G force background of Earth. Consequently, the level of spindle activity in the antigravity muscles will be too high for the rate at which the body is being lowered. This abnormally high level of spindle activity is interpreted as the knee joints being in greater flexion than they actually are and this flexion is 'attributed' to the deck of the aircraft having risen up against the feet, thus stretching the antigravity muscles of the legs Graybiel, 1981, 1984; Lackner, 1985) . By contrast, misperceptions of self-motion and of support surface stability are not evoked if the relationship among alpha and gamma motoneuronal activity, muscle spindle feedback, and body motion is artificially manipulated in a 1G environment by loading the body with a heavy object Graybiel, 1981, 1984) . This means that the altered relationship is attributed to support and transport of the object rather than to a change in overall body weight; in fact, the weight of external objects may be determined in part by the increased force demands involved in holding them and simultaneously maintaining balance {see Lackner and Graybiel, 1984; Lackner, 1985) . DiZio and Lackner (1982) have provided additional evidence for skeletomuscular tuning to terrestrial force levels: during voluntary body locomotion if the pattern of visual feedback received is inappropriate for the voluntary stepping movements being made, then the character of the stepping movements will be misperceived in terms of frequency, direction, or amplitude, and in some cases apparent leg length.
Such observations indicate that more complex sensory interactions are involved in the determination of position sense than can be accounted for solely by isolated static topographic mappings of somatosensation. This conclusion is further strengthened by the existence of the following interaction: if apparent motion of one arm is induced by muscle vibration and that arm is then grasped with the hand of the other arm, the apparent motion and displacement of the vibrated arm will be eliminated and the nonvibrated arm will be experienced as stationary. By contrast, if vibration is initiated after the arm to be vibrated has already been grasped, then both arms will be experienced as moving and changing position (Lackner and Taublieb, 1983) . Thus information about the spatial configuration of the different parts of the body in relation to one another is taken into account when their position sense representations are assigned.
In this communication, our interest has been to explore the extent to which the apparent position or different parts of the body can influence the perception of body configuration and the position of the body in relation to its spatial surroundings. Our approach was to use muscle vibration as a way of distorting the apparent orientation of one or more limbs of the body while having the body positioned in different ways in relation to itself and to the test chamber. The test configurations were chosen so that changes in apparent limb position would in some cases be expected to influence body configuration and in others to affect the apparent orientation of the body within the test chamber. The findings demonstrate an extraordinary lability in the representation of orientation and in the representation of the dimensions and spatial contours of the body.
METHODS

Subjects
Ten men and 4 women between 18 and 30 years of age were paid for their voluntary participation, and informed consent was obtained from each volunteer. They were without sensory or motor abnormalities and had been screened to ensure that they had brisk TVRs in their biceps brachii, triceps brachii, triceps surae, and quadriceps femoris muscles.
Procedure
Each subject participated in two experimental sessions, each lasting approximately 90 min. During testing, a subject's eyes were blindfolded because sight of the body or of the test chamber attenuates or eliminates vibration-induced illusions of movement (Goodwin el al., 1972a, b; Taublieb, 1983, 1984) . In all the experimental situations, muscle vibration was achieved with handheld electromagnetic physiotherapy vibrators, 120 pulses/s. Trial duration was 3 min and latency to onset of report of illusory motion or displacement was measured by a stopwatch. Each test configuration involved two trials: in one trial, a particular muscle or muscle pair, e.g., biceps brachii, was vibrated unilaterally or bilaterally; in the other trial, the antagonist muscle or muscle pair was vibrated. The orders of trials within a configuration (e.g., biceps brachii vs triceps brachii vibration) was vibrated unilaterally or bilaterally; in the other trial, the antagonist muscle or muscle pair was vibrated. The order of trials within a configuration (e.g., biceps brachii vs triceps brachii vibration) was balanced across subjects. Trials were separated by 5 min rest periods. During a trial and immediately afterwards, subjects were required to describe any changes in body orientation or illusions of arm movement Taublieb, 1983, 1984) and, thus, were experienced in making subjective reports; however, they were not aware of the rationale underlying the present study. Their responses were tape recorded for later analysis. After each trial, the subjects also drew the patterns they had experienced.
EXPERIMENTAL CONFIGURATIONS AND RESULTS
Ten experimental configurations were evaluated and the results are described in detail below for each configuration. Some general features or principles which unify the findings are best described first. In all of the test situations, the patterns reported by the subjects all represent meaningful interpretations or resolutions of the overall stimulation context present. Secondly, subjects commonly reported a dissociation between apparent movement and apparent displacement during vibration. The limb(s) or parts of the body that were undergoing motion seemed to displace spatially less than their apparent velocities would warrant. Moreover, peak apparent displacements were achieved while the involved body parts continued to be perceived as moving but no longer displacing further. Thirdly, given the patterns that were reported, it is clear that in situations involving contradictory information about limb position and about the surface contour of the body, the surface is perceptually distorted to become compatible with the representation of limb position. This means that physically impossible body configurations and dimensions can be represented perceptually. The bizarre sensations that can result, for example, stretching of the nose ( fig. 1,1A) or shrinking of the waist ( fig. 3,10B ), have no discomfort associated with them. The subject does not feel that his nose is being painfully stretched by his hand or that his waist is being pinched in by his hands. Instead, there is a sense of wonder as the dimensions of the body are perceived to change; as one subject reported in test configuration 1A: 'Oh my gosh, my nose is a foot long! I feel like Pinocchio.'
The test configurations and results are described below and illustrated in figs 1-3, panels 1 to 10, which are keyed to the 10 test configurations. The average latencies to the onset of illusory motion for the test configurations are presented in the Table. Trial A B The average latencies to ihe onset of illusory motion of ihe body parts are presented for the 10 test configurations. The A and B entries are for the different trials: for configurations 1,2.3.4,8.9 and 10. A = biceps brachii vibration. B = triceps vibration: for 5. A = trial 1, B = trial 2 of biceps brachii vibration: for 6. 7. A = achilles tendon vibration, B = rectus femoris vibration.
/. Subject grasping his nose
The subject was seated and grasping his nose with his right index finger and thumb; his right elbow was supported by an armrest. He was positioned such that if his forearm physically moved into extension, it would have pulled his nose away from his head, movement into flexion would have pushed his nose inward. The right biceps brachii was vibrated in test configuration A and the right triceps brachii in configuration B.
A. Biceps brachii vibration ( fig. 1,1A ). Of the 14 subjects, 10 experienced their arms moving into extension (average latency 9.2 s): 5 of these 10 experienced their noses as elongating, by as much as 30 cm, in keeping with the apparent motion of their hands; 3 experienced their fingers as elongating but not their noses, and 2 experienced their fingers and noses as elongating. The other 4 subjects each experienced a different pattern: tension on the arm and nose but no movement, apparent movement of the arm and nose without displacement, increased pressure of the fingers on the nose, and the final subject felt his arm tilt his head backwards.
B. Triceps vibration ( fig. 1,1B) . Thirteen of the subjects experienced their forearms as moving into flexion (average latency 6.0 s); 6 felt their noses had been pushed inside their heads; for 3, their fingers seemed to have passed through their noses and to be located inside their heads; 1 felt his fingers and nose 'melt' together; and 3 felt their heads had been tilted backwards by the pressure of their fingers on their noses. The remaining subject reported increased tension in his nose and fingers but no motion or displacement.
Subject seated on floor with right hand under right buttock
The subject was seated upright on the carpeted floor of the experimental room with his right hand, palm up, under his right buttock. The biceps and triceps brachii muscles of his right arm were vibrated separately, configuration 2A and 2B, respectively.
A. Biceps brachii vibration ( fig. 1 ,2A) . Twelve of the subjects experienced apparent extension of their forearms (average latency, 17.8 s): 9 experienced tilting of their heads and bodies away from their arms, by as much as 30°; 1 experienced his arm elongating; 2 experienced the floor as moving downward and their buttocks as elongating as their arms moved into extension. The other 2 subjects did not experience apparent motion of either arms or body.
B. Triceps vibration ( fig. 1 ,2B ). Twelve reported apparent forearm flexion (average latency 15.1 s); 10 felt their bodies tilting as much as 30° to the opposite side and being lifted by the apparent motion of their right forearms and hands; 1 experienced a lifting of his right buttock and leg of 15 to 20 cm without displacement of the rest of his body; and 1 reported arm flexion without apparent motion of the rest of his body. The remaining 2 subjects experienced neither arm nor body movement.
Palm of right hand on the head
The subject was seated with his right hand resting on and holding the top of his head. The biceps and triceps brachii of his right arm were vibrated in separate trials.
A. Biceps brachii vibration ( fig. 1,3A) . Of the 14 subjects, 13 experienced apparent movement of their forearms into extension (average latency, 12.6 s); 8 felt the tops of their heads had elongated, up to as much as 30 cm; 2 felt their heads rise because their necks seemed to have elongated; 2 reported forward tilt of their heads and lengthening of their forearms; and 1 reported movement of his forearm without change in apparent position.
B. Triceps vibration ( fig. 1,3B ). Thirteen subjects reported apparent flexion of their forearms (average latency, 12.5 s): 4 of them felt their fingers had moved down inside their heads; 5 felt the tops of their heads had been pushed down inside their heads by the motion of their hands; 3 felt their heads had been tilted 20° to 30° backwards by their hands, and 1 reported increased pressure on his head as his hand seemed to move downward without displacing. The remaining subject did not experience any changes.
Subject seated on rotatable stool, right arm strapped into holder on the wall
The subject was seated on a rotatable stool that was locked in position (although he was unaware that it was locked); his right arm was strapped into an arm holder mounted on the wall of the experimental chamber. Physical flexion of his forearm would have resulted in a clockwise rotation of the subject on the stool, extension would have rotated him counterclockwise. The biceps and triceps brachii in his right arm were vibrated in different trials.
A. Biceps brachii vibration ( fig. 1,4A ). Thirteen subjects felt their arms move into extension (average latency, 13.3 s): 11 of them felt their forearms were stationary and their bodies had rotated away from their forearms as much as 90°; 1 felt no body movement, only arm motion; 1 felt his forearm and the wall to have moved away from his body. The final subject experienced no illusion.
B. Triceps vibration ( fig. 1,4B ). The same patterns that occurred with biceps brachii vibration were reported by the same subjects, but with reversed sign (average latency, 14.6 s).
Subject supine, forearms vertical
The subject was lying on his back on the floor with his upper arms horizontal and his forearms orientated vertically and restrained in position. The biceps brachii muscles were vibrated bilaterally in both trials.
A, B. Biceps brachii vibration ( fig. 2,5A ). Thirteen subjects reported that their forearms moved downwards into extension (average latency, 8.5 s first trial, 9.3 s second trial): 9 reported that as their forearms 'moved' into extension their torsos seemed to move backwards and downwards up to 45°; 4 felt their torsos had risen as much as 25° during vibration, thereby decreasing the degree of apparent forearm extension while also moving the forearms towards the floor. The remaining subject experienced no changes in orientation.
Subject lying on his back, thighs vertical, lower legs horizontal, feet against the wall
The subject was lying on his back with his thighs vertical and his lower legs horizontal; his feet were flat against a wall of the experimental chamber. The achilles tendons and the rectus femoris of the quadriceps femoris muscles were vibrated bilaterally in separate experimental trials.
A. Achilles tendons vibration ( fig. 2,6A) . Twelve of the subjects experienced apparent motion of their legs and feet (average latency, 10.8 s): 8 of them felt their legs go into full extension at the knees with their lower legs tilting the wall up and toward them; 6 of these 8 also felt an approximately 20° backward body rotation with the pivot point at the hips; the other 4 subjects experienced their heels as having pushed several centimetres into the wall as their legs 'extended' at the knees. The remaining 2 subjects reported neither illusory motion nor displacement.
B. Rectus femoris vibration ( fig. 2,6B ). Thirteen of the subjects reported motion of their feet and legs (average latency, 11.9 s): 9 felt their legs flex up to 45° at the knees so that their lower legs seemed to move downwards and tilt the wall away from them; 7 of the 9 also felt upwards body rotation of approximately 20° with pivoting at the hips; the other 4 felt their toes had moved into the wall as their lower legs seemed to flex. The remaining subject experienced no changes during vibration.
Subject with head and back at 30° angle to floor, feet on wall
The subject was lying supine with his head and back supported at a 30° angle with the floor; his thighs were vertical and his lower legs horizontal with the feet flat against a wall of the experimental chamber. The achilles tendons were bilaterally vibrated in one trial and the rectus femoris of the quadriceps muscles in the other.
A. Achilles tendon vibration ( fig. 2,7A ). All 14 subjects reported apparent motion of their legs or feet into extension (average latency, 6.5 s): 5 of them felt as if their lower legs straightened and their feet moved through the wall; the remaining 9 subjects felt the wall had been tilted or displaced away by the action of their feet; 2 of these subjects had felt a backward body rotation of approximately 30° with pivoting from the hips, as well.
B. Rectus femoris vibration ( fig. 2,7B ). Thirteen subjects experienced apparent motion of their legs and feet (average latency, 9.9 s): 9 of these felt as if their bodies rotated backwards from the hips up to 40°; 1 of the 9 felt he had done a complete somersault backwards while the walls seemed to have remained stationary; 4 experienced either their knees as having straightened out and their feet as having gone through the wall (1), pushing and tilting of the wall (2), or a lost awareness of the spatial position of the feet (1). The remaining subject did not experience apparent motion.
Subject seated, chin in right hand
The subject was seated with his right elbow resting on an arm support and leaning so that his chin and head were supported by the palm of his right hand. The right biceps and the right triceps brachii muscles were separately vibrated.
A. Biceps brachii vibration ( fig. 3,8A ). Ten subjects experienced their hands and forearms moving into extension (average latency, 12.3 s): for 6 of these, their chins seemed to have stretched or elongated many centimetres so as to maintain contact with their hands; 4 experienced their heads or heads and torsos as having tilted forward slightly, 5 to 10°, so as to maintain hand contact. Of the remaining 4 subjects, 2 experienced a decrease in apparent pressure on the chin, 1 felt his chin had disappeared, and the final subject reported no changes during vibration.
B. Triceps vibration ( fig. 3,8B ). Eleven subjects felt their forearms move into flexion (average latency, 9.0 s): 9 of them experienced their hands as having pushed their chins into their heads so that their chins felt near the centre of their heads; 1 experienced his forearm to be shrinking as it 'moved' into flexion thereby allowing the apparent position of his chin to have remained unchanged; 1 felt that his fingers had moved through his chin into his head. Two subjects reported their elbows had twisted clockwise 90° as a result of the 'flexion' of the forearm and the pressure of the chin on the hand. One subject reported no changes.
Subject seated on floor, right hand under right thigh
The subject was seated on the floor with his legs outstretched and crossed, right over left; his right hand was under his right lower thigh, palm up. In one trial, the triceps brachii muscle of the right arm was vibrated; in the other, the biceps brachii.
A. Biceps brachii vibration ( fig. 3,9A ). Eleven subjects reported extension of their forearms (average latency, 14.1 s): 7 felt the 'extension' of their arms had tilted their bodies as much as 45° to the opposite side; 3 felt their knees had moved down with their hands; 1 felt his knee had pushed his hand down. The remaining 3 subjects either experienced no illusions (2) or motion of the arm with the leg remaining stationary.
B. Triceps vibration ( fig. 3,9B ). Ten subjects reported arm flexion (average latency, 21.6 s): 5 felt their forearms pull their upper legs and knees towards their chests; 4 felt their arms had lifted the same sides of their bodies up many centimetres from the floor; 1 felt his forearm and elbow had stretched to 'allow' his thigh position to remain unchanged. The remaining 4 failed to experience illusions.
Subject seated arms akimbo
The subject was seated on a stool with his hands on his waist, arms akimbo. The biceps and the triceps brachii muscles were vibrated bilaterally in separate trials.
A. Biceps brachii vibration ( fig. 3,10A ). Of the 14 subjects, 12 experienced apparent extension of both their arms (average latency, 10.2 s): for 5 it seemed as if their waists had expanded 15 to 30 cm in diameter to keep pace with the apparent displacements of their hands; 5 felt that their torsos had become elongated 25 to 30 cm because their hips had displaced downwards and their torsos upwards owing to the motion of their hands; 2 felt their arms had elongated at the shoulders without any hip or waist changes; 1 felt that his arms had pivoted forwards as they extended and that there was less pressure on his waist. One subject did not experience illusions.
B. Triceps vibration ( fig. 3,10B ). Eleven subjects reported apparent flexion of their arms (average latency, 7.1 s): 5 of them felt their forearms and hands had moved inwards, compressing their waists by as much as 25 cm until they had wasplike waist lines; 6 felt their forearms and hands had moved upwards, pushing their torsos up while their hips and legs stretched downwards until their bodies were elongated by 20 to 30 cm in the midriff region. Three subjects did not experience illusory displacements of their arms but reported an increase in pressure on their waists without any changes in body configuration.
In each of the test configurations, 1 subject tended not to experience illusory motion or displacement of his arms or of parts of his body. This was always the same individual.
DISCUSSION
Our observations demonstrate that vibration-induced illusions of limb motion can affect the somatosensory representation of the body and the apparent position and configuration of the body in relation to its surroundings. Virtually all the patterns reported represented synergistic interpretations of the patterns of stimulation present. Although some of the effects experienced represent physically impossible situations, such as lengthening of the nose to 30 cm, they nevertheless are 'good solutions' in that they are a direct and meaningful response to the prevailing patterns of stimulation. For example, regardless of test configuration, vibration of the biceps brachii was associated with illusory extension of the forearm and the experienced configuration of the rest of the body was always one understandable in terms of the perceived forearm extension being interpreted as actual extension of the arm. This principle was apparent in each test situation: vibrationinduced illusory motion and displacement of body appendages was treated as true motion and so interpreted in relation to the rest of the body.
An important aspect of our findings is the demonstration that the perceptual representation of the shape of the body is highly labile. Earlier work had shown that apparent limb position could be readily distorted by providing abnormal patterns of muscle spindle activity (Goodwin et ai, 1972a, b; McCloskey, 1978; Matthews, 1982) . The findings presented here show that the length of different parts of the body, such as the nose, can be affected by the apparent position of other body parts. In the situations in which the nose was being held and the biceps or triceps brachii muscle was vibrated, the following 'computations' must have taken place: (1) the abnormally high level of spindle activity was attributed to stretch of the vibrated muscle and interpreted as movement of the forearm into extension or flexion; (2) the patterns of somatosensory stimulation present indicated that the fingers of the hand and the nose were in contact; (3) the forearm can move with the hand maintaining contact with the nose only if the nose is also moving; (4) sensory and motor information about head position indicated that the head was stationary; (5) consequently, the nose had to be 'represented' as changing length or position, or the hand and fingers as elongating, because these are the only interpretations consistent with the hand and nose maintaining physical contact while the hand is moving and the head stationary.
Similar abstract computations must be related to the perceived shrinking and expansion of the waist during triceps or biceps brachii vibration in the arms akimbo position of configuration 10; however, in this and our other test situations additional interpretations could have been equally meaningful. For example, the forearms could have been perceived as moving but not displacing with the hands maintaining contact with the waist; tactile stimulation of the surfaces of the hands and of the waist could have been experienced with the hands and the waist being perceived in different spatial positions; or the hands and waist could have been perceived as stationary and in contact. In this last alternative, somatosensory spatial information about the part of the body touched by the hands would have 'overridden' the aberrant representations of limb positions.
In the present study, the latencies to the onset of illusory motion were usually much higher than those observed in our earlier studies in which the onset of illusory motion of the arm was measured for biceps and triceps brachii stimulation under conditions in which the hand was not in contact with any other part of the body Taublieb, 1983, 1984) . These longer latencies probably mean that the sensory interactions created in the different test situations of the present study require time for their resolution. Until this resolution begins, changes in apparent orientations are not experienced. For example, Goodwin et al. (1972c) found latencies on the order of 1 s for vibration-induced illusions of limb movement alone. The present situation involving more complex interactions accordingly involve much longer latencies.
The position and configuration of the body in relation to the test chamber also clearly affected the patterns of illusory motion experienced. For example, in test configurations 5, 6 and 7, in which the subject's head and torso were horizontal or 30° from the horizontal, considerable upward or backward displacement of the head and torso was often reported. Such changes in perceived head position can be accounted for by considering the minimized contribution of the linear acceleration-sensitive receptors of the inner ear, the otolith organs, in affecting the registration of head position in these test situations. When the head is close to the horizontal rather than the gravitational vertical, the otolith organs are less effective in indicating head position in relation to the direction of gravity (see Graybiel and Patterson, 1955; DiZio and Lackner, 1986) . This should render apparent head position more susceptible to reinterpretation than when the head is physically vertical . In configuration 4, the subject was seated on a rotatable stool and when the biceps or triceps brachii muscle was vibrated, the resulting illusory motion at the elbow joint tended to be perceived as rotation of the subject's body on the stool rather than as movement of the wall to which the subject's forearm was strapped. In this situation, the unchanging input from the semicircular canals would be consistent with constant velocity rotation about the elbow joint (see Lackner and Levine, 1979; Lackner, 1981 Lackner, , 1985 . Accordingly, perceived constant velocity motion of the body and upper arm in relation to a stationary forearm was a meaningful interpretation of the actual patterns of stimulation.
Throughout the experimental findings, the occurrence of 'good solutions' to the prevailing patterns of stimulation and to the configurations of the body in relation to the experimental chamber is apparent. These solutions, although often involving impossible physical configurations of the body, such as the nose stretching or the head telescoping into the torso, nevertheless are meaningful in terms of the ongoing patterns of stimulations. Their nature helps us to understand better the ways in which the representation of the position sense of the body is organized. The representation of limb position clearly can affect the apparent length and size of the parts of the body and it simply does not seem to matter if physically impossible configurations are perceptually specified. Rather, in the perceptual representation of the body surface and configuration, the mobile parts of the body, especially the limbs, seem to have representational priority. Physical coincidence of body surfaces indicated by somatosensory information is important while physical continuity itself is not. For example, with the hand positioned on top of the head and triceps brachii vibration, the hand was perceived as displacing and physically pushing the head into the trunk, despite the head being in physical continuity with the trunk through the neck.
The dimensions and shape of the body have long been thought to be coded in the activity patterns of topographic somatosensory maps in the thalamus and cortex. Within this neural framework, limb length and trunk contours are represented by the discharge patterns of neurons in particular areas of the neural maps. The ability to cause changes in perceived length of a body part by creating illusory motion of another body part in physical juxtaposition indicates that more than the activity of somatotopic neural maps alone is involved in the perceptual specification of body configuration. Indeed, it is apparent that spatial information about other parts of the body is also implicated, and that position sense and the body schema represent a collaborative interaction of multiple afferent and efferent domains which can result in a multitude of apparent positions and orientations, real or illusory, being generated.
In this context, it is notable that Kaas and his colleagues (Kaas, 1977 (Kaas, , 1983 Merzenich et ai, 1978; Kaas et ai, 1979 Kaas et ai, , 1981 and other investigators (Kalaska and Pomeranz, 1979) have shown that there is considerable plasticity in the neuronal representation of the body surface in somatosensory cortex; in fact, the cortical maps of somatosensation are modifiable. For example, Kaas et al. (1981) reported that although during the course of a recording session the receptive fields of particular neurons may remain fixed,'... it also appears that this stable organization is a result of balancing dynamic influences. When this balance is disrupted by inactivating part of the peripheral sensory input, the organizations of the cortical maps are immediately altered and continue to change over time ' (p. 256) . Thus, as they point out, even in the adult the maps of somatosensation are dynamically organized and potentially modifiable.
It is tempting to speculate that in our experiments we have developed a way of reversibly modifying cortical maps of somatosensation through systematic distortion of the sensory input. Regardless of the value of this speculation, which can be evaluated in animal preparations, our results point to the great modifiability of the perceptual representations of the body surface in the adult human; perceptual remappings can be generated within seconds. The fact that the mobile parts of the body seem to have representational priority in affecting the body schema may also have considerable functional significance. In the course of development, the dimensions of the body change greatly; these changes continue to a lesser extent in adulthood with variations in body mass being a relatively common occurrence and other changes, such as a gradual diminution in height, being less frequent. The question arises as to how the position sense of the body and the body schema is kept accurately calibrated over time. That is, how are the 'maps' underlying position sense and somatosensation recalibrated to take into account changes in body dimensions?
One can envisage position sense being updated on the basis of sensory-motor transactions. For example, if an object is seen in a particular position and a reaching movement is made, the success of the reach depends on the arm being configured in such a way as to bring it into appropriate contact with the object. In this situation, there is a dynamic interplay of motor innervation and sensory feedback that provides for the updating of control variables that must include such factors as the current dimensions and masses of the various parts of the limb and the body and the efficiency of the arm muscles and support musculature. Accordingly, in principle, position sense of the independently mobile parts of the body can be maintained through transactions with the environment. The rest of the body is not subject to the same degree of interaction with the external environment and it may be that its somatosensory representation is updated by contact with the motile appendages of the body, as suggested by the present evidence.
These reformulated notions of position sense can be applied in another domain, oculomotor control. It is known that the apparent position of the eyes can be influenced by information about limb position (Lackner, 1981 (Lackner, , 1985 Lackner and Levine, 1978 , 1981 Levine and Lackner, 1979) and furthermore that such brachial proprioceptive information can be used to enhance fixation stability (Lackner and Zabkar, 1977; J. Evanoff and J.R. Lackner, unpublished observations) . These observations are of interest because they suggest that limb-position information could be used in calibrating the direction of gaze of the eyes.
Of the motile parts of the body, the eyes alone do not seem to have effective afferent specification of position; instead, precise knowledge of moment to moment eye position appears to depend on monitoring efferent command signals to move the eyes (see Carpenter, 1977; Steinbach and Smith, 1981) . However, it is necessary to adjust these command signals over time to take into account variations in metabolic activity of the extraocular muscles, changes in muscle efficiency, and so on (Ludvigh, 1952a, b) . Sight of the hand would allow eye position control to be updated as necessary because the position of the hand and other parts of the body can be accurately determined in relation to the head, whereas the directions of external visual objects not in contact with the body cannot be independently specified.
